Uncommon methods of formation and analysis of lipid monolayers have enabled the recognition of several monolayer states and the identification of that in which molecular organization corresponds closely to that of the bilayer. Monolay-ers were formed by continuously adding a solution ofphospholipid [dimyristoyl phosphatidylcholine in hexane/ethanol, 9:1 (vol/ vol)] to the air/water interface of a constant-area trough. This procedure generates unconventional surface pressure (X7)-surface concentration (1) isotherms, which for liquid-crystalline monolayers consist of straight lines with three prominent intersections, two of which are not apparent in conventional n-A isotherms. The regions of linear change of v are explicable in terms of the area dependence of alkyl chain entropy. The two breaks at lower a delimit states in which both chains lie parallel to the surface. The third occurs at collapse, which corresponds to a true equilibrium for unstressed liposomes. Mechanical and thermodynamic properties of bilayers, particularly phase-transition parameters, correspond closely to those of monolayers with which they are in equilibrium.
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Monolayers of amphiphilic substances at air/water interfaces are of interest in a variety of disciplines. In physics and chemistry, the interest is in understanding the origin and magnitude of the molecular interactions of a single layer of complex molecules positioned between two fluids (1, 2) . In biology, monolayers have been important since Gorter and Grendel first proposed the bilayer as the foundation ofbiological membranes (3). Their conclusion was based on an entirely arbitrary compression of a monolayer of lipid extracted from red cells. The critical question of the appropriate compression and, hence, of the relationship between molecular packing in monolayers and that in bilayers remains unanswered.
Using an uncommon constant-area procedure to generate surface pressure (7r)-surface concentration (F) isotherms of dimyristoyl phosphatidylcholine (Myr2-PtdCho) monolayers, we have found that the monolayer states of this lipid are characterized by linear regions in the isotherms. There are four such states, and these can be analyzed in terms of their molecular organization. The most condensed state exists in equilibrium with bilayers, and its properties correspond closely to half of a bilayer. This identification is critical for understanding many bilayer properties and is important for membrane reconstitution (4) .
MATERIALS AND METHODS
Myr2-PtdCho, purchased from Avanti Polar Lipids and from Sigma, was dissolved in 9:1 (vol/vol) hexane or pentane/ ethanol to a concentration of 0.5 mg/ml. Lipid solution concentrations given are nominal; accurate values were determined by phosphate assay according to a modification of the Bartlett procedure (5). Absolute ethanol was treated with activated charcoal and distilled. Hexane and pentane were passed through a column of activated alumina. Distilled and deionized water was charcoal-filtered, redeionized, and redistilled. Reagent grade KCl was roasted for an hour or more at 500'C.
Surface tension, y, was determined from the maximum force exerted on a 0.5-mm-diameter platinum wire as it detached from the liquid surface in a trough on a platform undergoing a 1.5-mm vertical excursion four times per min.
The force was measured with a Cahn electrobalance connected to a recorder. Clean water was used for calibration. Teflon or glass troughs (30-to 120-cm2 area) with false bottoms for water circulation or for accommodation of a Peltier-effect device were used to control the temperature. The subphase was stirred with a magnetic microbar, and the temperature was measured With a calibrated thermistor.
Records of y versus r were obtained by delivering a solution of lipid at a constant rate of approximately 50 nicm2 per min from a motor-driven microliter syringe with a Teflon-tipped plunger. The syringe needle was bent nearly 900 and positioned so that the meniscus of the aqueous phase oscillated across the bevel of the needle point. Absence of a significant effect of residual solvent was indicated by two sensitive tests. (i) When delivery was interrupted in the middle of an isotherm, the tension did hot change more than 1 dyne/cm (1 dyne/cm = 1 x 10-3 N/m) in the time normally devoted to the entire isotherm.
(ii) Repeated addition of solvent to monolayers did not affect surface tension unless enough was added that a lens of solvent appeared, which did not occur under normal conditions of delivery. Under these extreme conditions, y only changed 1-2 dynes/cm; after the lens evaporated, the tension returned to the original value.
The equilibrium monolayer pressure of liposomes was determined on suspensions of 1.0 mg/ml in 0.01% NaN3. The trough was covered between tneasurements, but it Was occasionally necessary to add water to replace that lost by evaporation.
Surface potentials were measured with a polonium air electrode and a Ag/AgCl subphase electrode essentially as described (6) . The trough area was 7.5 cm2. The subphase of approximately 5 ml was continuously stirred at several hundred revolutions per minute with a magnetic microstirrer. Surface tension was monitored simultaneously.
The phase transition of liposome dispersions was detected with a spectrophotometer as described (7) . The same thermistor, calibrated against a secondary-standard mercury thermometer, was used for both monolayer and bilayer measurements. The pressure maximum (or tension minimum) seen in the isotherms of Fig. 1 corresponds to the tension of a monolayer in equilibrium with fully hydrated bilayers of large liposomes. This is shown in Fig. 2 . At a temperature t above the bilayer phase-transition temperature (tm), the tension at the air interface of liposome suspensions fell quite rapidly to a plateau value of 23 dynes/cm (49 dynes/cm pressure), which is the same value attained at low areas per molecule in Fig.  1 . Thus, both methods of attaining equilibrium (i.e., adding an excess of lipid in solvent and allowing liposome suspensions to stand) generate the same pressure-a further indication ofa lack of residual solvent effects in the constant-area Proc. Natl. Acad. Sci. USA 84 (1987) procedure. In fact, solvent actually promoted equilibrium, as shown by the filled diamond of Fig. 2 , which represents addition of 7 dul of hexane (containing no lipid) to the surface of a Myr2-PtdCho suspension at 26.50C. The tension immediately fell to the equilibrium value of23 dynes/cm. When the temperature was reduced below tm of the bilayer, the equilibration rate diminished by a factor of more than 102.
Monolayers spread to the liposome equilibrium pressure underwent an abrupt phase change at a temperature close to that of the corresponding bilayer transition, according to the temperature dependence of the surface potential of monolayers and the turbidity of bilayer dispersions (Fig. 3) . The monolayer transition was only 0.50C below that of the bilayer transition at 23.50C. Over the temperature range from 17'C to 320C, the change in surface potential (AV) decreased 32% from 580 to 440 mV, whereas the turbidity decreased 16%.
The near-congruence of the curves of Fig. 3 indicates a close correspondence between the organization of lipids in bilayers and those in monolayers at 23 dynes/cm, the liposome equilibrium tension. Although the surface potential measurement was most conveniently done with a monolayer in actual equilibrium with vesicles, essentially the same results were obtained when a monolayer was simply spread to the equilibrium pressure over water.
If the reduction in AV ( Fig. 3 ) and the increase in A ( Alexander and Teorell in 1939 (9) , the constant-area method has seldom been used, apparently initially because of concern about retention of solvent. This has since been shown to be of little consequence (8, 10) The dlr/dt of monolayers at the liposome ir exhibits a discontinuity at the bilayer tin. A suspension of Myr2-PtdCho liposomes was allowed to equilibrate with its air interface at 260C (see star). The temperature was then lowered (e) and subsequently raised (i) at a rate (20C/min) too rapid for significant equilibration between liposomes and the air interface. Thus, the points represent temperature dependence of the tension of the monolayer that was at equilibrium with liposomes at just above their tm-C, where B and C are constants. That such behavior is due to a property of the monolayer and is not a consequence of the procedure by which it was generated is indicated by the fact that ir-A compression isotherms for Myr2-PtdCho obtained in other laboratories (11) (12) (13) , when replotted as or-F, also exhibit linear relationships in which a break occurs in the region of [10] [11] [12] [13] [14] [15] dynes/cm. Moreover, examination of literature data on polar lipids reveals this behavior to be quite common except when the acyl chains are highly heterogeneous.
The essential features of the isotherms are shown in Fig.  1B . The lowest pressure phase is terminated by an abrupt rise in pressure occurring at an area that is slightly less than that of two myristic acid molecules recumbent on the surface. This orientation follows from the sizable (40-45 ergs/cm2; 1 erg/cm2 = 1 X 10-3 J/m2) energy of adhesion of hydrocarbon to water; a Boltzmann distribution calculation shows that fewer than 10% of the chains would have as many as three carbon atoms extending into the air. Thus, this region consists of islands of molecules, one methyl group in thickness, associating laterally and, except at very high areas, exhibiting a two-dimensional vapor pressure. (Note, this vapor pressure will differ from that of a vertically oriented phase, which usually is not experimentally accessible.) The next region extends from about 140 A2 to about 80 A2 (arrow in Fig. 1B 14 kT, quite close to our experimental value of 13 kT (Fig. 1B) . Fortunately, g cancels out, for otherwise its calculation would be quite involved (1, 15) . What is important, therefore, is not the detailed motions of the chains but that, because the chain ends are tied to the water surface, the entropy of the monolayer becomes a function of the molecular area. Were the end of the molecule not restricted to the interface, the monolayer would simply behave like a bulk liquid, and its entropy would be independent of the surface area. The low surface pressures of molecules such as triglycerides and cholesterol esters can be ascribed to a weak anchoring of their ester functions.
This analysis of surface pressure appears to be consistent with data other than our own. The values ofdir/dF that we have measured from literature data are generally close to the predicted values-e.g., compounds with di-Clo (16) and di-C16 chains (ref. 17 ; 38QC) yield slopes of 10 and 16 kT, respectively.
The slope of IT versus F in the low-pressure region is 6 kT, or about half that of the high-pressure region. If this region corresponds to the transition from a single to a double layer of horizontal chains, then this change in slope is expected, for until the chains begin to orient vertically, they compete with each other and thus do not behave independently. Finally, at large areas Wbecomes proportional to the first power of area, and the familiar perfect gas law is generated.
Attempts to fit the entire IT-A isotherm with a single function should be regarded cautiously. Langmuir's equation (ref. 18 ; with 3 kT in place of k), for example, fits the data of Fig. ID (32TC) very well, yet his approach clearly does not anticipate the change in slope seen in the Ir-F relationship.
The Equilibrium Pressure of Fully Hydrated Liquid-Crystalline Lipid (Liposomes) Is the Maximum Surface Pressure Obtainable by the Constant-Area Method. The collapse pressure obtained by the compression method often depends on experimental conditions, in contrast to the constant-area method, where repeated application of small drops of solvent lowers the activation energy for escape of lipid from the monolayer and prevents the tension from falling below the equilibrium value of a liposome suspension (23 dynes/cm for Myr2-PtdCho). An earlier application of the constant-area method to stearic acid showed that collapse occurred at the equilibrium pressure (8) . The limiting tension remains the equilibrium tension of liquid-crystalline liposomes even at temperatures below tm because the solvent effectively melts the monolayer at the point of addition despite the gel nature of the existing monolayer. In principle, the equilibrium tension at t < tm can be obtained by allowing gel-phase liposomes to equilibrate with the air/water interface, but this is a slow process (>2 days for the 17TC and 19TC Myr2-PtdCho monolayers of Fig. 3) , and extrapolation to an apparent asymptote is problematic.
There is some controversy regarding equilibrium pressures of monolayers below the lipid phase-transition temperature (13, 19, 20) . In our experience, the rate of equilibration is strongly influenced by the purity of the lipid and the method of sample preparation (see also ref. 21) . Thus, high sample purity and preparation methods that minimize defects in bilayer organization may greatly lengthen equilibration times. Such a "kinetic trap" could explain some variation reported in the literature (22) . Surface potential measurements show that our procedure generates monolayers, even up to 32TC (Fig. 3) , although bilayers can form at the air/water interface at lower temperatures (23) .
The Organization of Molecules in Liposomes Corresponds
Closely to that in Monolayers in Equilibrium with Those Liposomes. Phase-transition temperature. The data of Fig. 3 suggest a near-equivalence of the lateral interactions of bilayers and equilibrium monolayers. The half-degree difference in transition temperature (Fig. 3 ) represents 1 dyne/cm (Fig. 3 Inset) . Part of this small difference may be real, but part also may be due to van der Waals forces that extend across bilayers but not monolayers. Importantly, the foregoing considerations imply a lack of significant coupling across the bilayer of phosphatidylcholines with alkyl chains of similar lengths, as is generally accepted (1). This need not be so in special cases (24) , however.
The surface energy of the water/lipid interface. Following the approach of Langmuir (18), we take the monolayer tension to be the sum of tensions at the upper and lower interfaces, an oil/air tension and a polar surface/water tension, respectively. Myr2-PtdCho has alkyl chains of 14 carbons, but at the tensions under consideration, the upper surface consists essentially of methyl groups. Examination of the surface tensions of isometric alkanes (25) reveals that a hypothetical all-methyl hydrocarbon would have a surface tension 3 dynes/cm lower than the corresponding normal alkane. Applying this correction to the surface tension of tetradecane (26 dynes/cm) yields 23 dynes/cm. Since 23 dynes/cm is the tension of a monolayer in equilibrium with large liposomes, the tension at the lower interface must be essentially zero, as is the measured tension of planar phosphatidylcholine bilayers (26) . Therefore, the molecular packing and lateral pressures ofthe equilibrium monolayer and the bilayer system are virtually the same. (A difference in tension of as much as +2 dynes would lead to a difference in area of Proc. Natl. Acad. Sci. USA 84 (1987) not more than ±4%.) Our conclusion agrees with the experimental study of (36) .
